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Abstract 
 Regarding sedimentation associated with rivers, nearly all terrigenous material 
reaches the continental shelf and becomes deposited close to the coast, including organic 
carbon.  While major rivers on passive margins have been studied in the past as to their 
effects offshore, relatively little is known about small, active margin rivers such as the 
Waipaoa in New Zealand.  This research study examines the marine sedimentary record 
of the Waipaoa River through grain size distribution, δ 13C and C/N analysis, 210Pb 
activity, and sub-bottom profiles at various sites on the continental shelf.  More 
importantly, the geological effects of European colonization and deforestation were also 
investigated.  Results showed that grain size has generally decreased through time and 
with decreasing proximity to the mouth of the river.  Organic carbon analysis showed 
more terrestrial carbon closer to shore as well as in the past 100-150 years, suggesting 
carbon burial varies temporally and spatially.  Accumulation rates derived from 210Pb 
activity were lower than expected and sub-bottom profiles suggested contrasting 
depositional environments for Waipaoa sediments.  Such findings provide more general 
knowledge as to the nature of these highly eroding rivers which can have dramatic 
biogeochemical and other environmental effects.        
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Introduction 
In terms of terrigenous sediment deposition into the ocean, river and deltaic 
systems are by far the most prominent sources.  Less than 5% of this sediment reaches 
the deep ocean for nearly all of land-derived particulates are deposited in benthic, ocean 
margin regions relatively close to the coast (McKee et al, 2004).  As a result, most of the 
sediment accumulation on the continental margin remains here, including organic carbon 
debris derived from the continent.  Undoubtedly, sediment input and burial has prominent 
biogeochemical implications, influencing the carbon cycle, decomposition, and the 
remineralization of the substance into carbon dioxide through bacterial processes (Aller, 
1998).  Rates of accumulation and transport mechanisms can affect how and where this 
material is distributed off the coast, as well as the underlying lithology and natural and 
human interactions on the terrestrial surface. 
Although rivers certainly have been studied extensively in the past, research has 
most commonly been associated with large rivers located on passive margins.  This 
research undertaking will gain more insight concerning less-studied and smaller active 
margin rivers, namely the Waipaoa River in New Zealand.  These rivers have been 
greatly underestimated in terms of global sediment input to oceans, supposedly by a 
factor of three (Milliman and Syvitski, 1992).   Additionally, active margin rivers have 
been more affected by climate, geology and human interaction relative to passive margin 
rivers in the past few millennia, suggesting their great importance in the erosion of land 
and transport to the ocean.  In particular, the role of European colonization and 
subsequent deforestation over the last one hundred to one hundred and fifty years will be 
the main focus concerning changes in Waipaoa sedimentation.  Using physical and 
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chemical analyses, rates of sedimentation (including terrestrial organic carbon burial) as 
well as grain-size distribution will be studied.  Such aspects are the basis and motivation 
for this research project as well as the implications that can be drawn from such findings.  
 
Study Area 
In particular, this study will focus on the Waipaoa River’s catchment and its 
affects on the continental shelf of New Zealand.  This river is located on an active plate 
margin, experiencing tectonic uplift of relatively erodible sedimentary rocks (Orpin, 
2004).  The Waipaoa drains the North Island and empties into Poverty Bay after flowing 
through the mountainous Raukumara Range (Fig. 1).  The muddy river has a small 
catchment of only 2205 km2 yet delivers over 15 Mt year-1 of suspended sediment, 
amounting to one of the highest concentrations relative to area in the world (Orpin, 
2004).  Interestingly, the effects of deforestation due to the indigenous Maori natives and 
more importantly European colonization in the 19th century have acted to cause a five-
fold increase in sedimentation onto the continental shelf, relative to previous 
accumulation rates (Foster and Carter, 1997).   
 
 
 
 8
 
 
 
 
 
 
 
 
 
 
 
 
 
New Zealand 
Figure 1.  Location of Waipaoa River 
and bathymetry of continental shelf off 
North Island, New Zealand.  Sediment 
and carbon are carried throughout 
catchment down slope and are deposited 
offshore through various modes of 
transport.  3-D image shows 
mountainous terrain giving rise to highly 
erodible land, thus facilitating greater 
discharges of sediment and material 
downstream. (Orpin, 2004), (MARGINS 
Source-to-Sink), 
(http://www.cia.gov/cia/publications/fact
book/geos/nz.html) 
 9
Geologic Setting 
Pacific Oceanic plate subduction occurs along the extent of the eastern coast 
leading to uplift rates of the near-shore mountain ranges of approximately 3 mm year−1 
(Orpin, 2004).  The stratigraphy of the Waipaoa River basin includes Cretaceous to 
present-aged rocks and sediments.  In particular, the lithology of the region is mainly 
sedimentary, with main formations composed of argillite, mudstone and sandstone (Eden, 
et al. 2001).  In closer locality with the Raukumara ranges, the underlying geology shows 
a complex layering of the previous rocks, as well as more smectitic mudstone and 
limestone (Orpin, 2004).  Due to the relatively high instability of clay-rich rocks, gully 
formation is extensive and is widespread, affecting over ten percent of the North Island 
(DeRose, et al. 1998).  At lower elevations, more siliceous rocks are present, allowing 
somewhat steeper slopes yet still facilitating some gully erosion.  Estimates show that the 
Waipaoa has downcut nearly 120 meters in the upper reaches of its drainage basin, all in 
the last 15 ky (Eden, et al., 2001).  As a result, the intense erodibility of the Waipaoa 
catchment equates to 1% of the total terrigenous sediment input to oceans worldwide. 
Offshore, the Waipaoa empties into Poverty Bay, a body of water to the southeast 
bordered by sandy beaches and eroding sea cliffs (Orpin, 2004).  Moving seaward from 
the river’s mouth, the bathymetry of the continental slope increases in depth by 
approximately 10 meters per 5 km in the southeast direction.  Primarily, the coarser 
grained sands make up the sediment cover to about 20 m in depth while finer-grained 
silts and muds begin to appear at depths greater than this (Orpin, 2004).  This fining 
seaward eventually shows clay and silt-sized particles as being the dominant sediment at 
around 30-40 m. 
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Background 
Differing transport mechanisms of sediment seen in the Waipaoa can generally be 
separated into hypopycnal and hyperpycnal flows (Figure 2).  Hypopycnal flows occur 
when the density of the sediment-water mixture escaping out of a river mouth is less than 
the basin water’s overall density (Mulder, et al., 2003), and as such buoyant plumes of 
particulates may be observed.  In contrast, hyperpycnal flows develop when the flow 
density exceeds basin density, and so sediment is transported by gravity along the bottom 
of the basin.  Such causes include increased flooding and wasting events that increase bed 
load and ultimately concentrate flows with high amounts of sediment.  When high 
amounts of fine (clay-size) particles are found in sediment, the potential mode of 
transport can be inferred to be that of a hypopycnal flow.  Clay-rich sediments tend to 
flocculate due to electronegative charges and eventually become lost in entrainment and 
settle to become buried as small-grained deposits.  By similar logic, hyperpycnal flows 
can be inferred when coarser, sandier sediment becomes transported onto the continental 
shelf.  Additionally, the sediment record (seen via X-radiograph) shows that 
homogenous, well-mixed profiles of sediment (Figure 3a) may indicate slow burial from 
hypopycnal flows as benthic organisms have the opportunity to bioturbate and rework the 
sediment while more laminated, distinct layers of sediment (Figure 3b) show more varied 
sediments in terms of grain size, perhaps (but not necessarily) associated with denser 
hyperpycnal flows (Mullenbach, et al., 2004). 
In terms of chemical characteristics, 210Pb analysis, showing the radioactivity of 
the element in relation to its depth in sediment cores, is often used to discern depositional  
 11
 
 
 
Figure 2.  Diagram showing hypopycnal and hyperpycnal flows (top, bottom respectively).  Less dense 
hypopycnal flows remain at surface and settle out slowly through time, denser hyperpycnal plumes move due to 
gravity along bed with rapid deposition. (http://es.mq.edu.au/courses/GEOS260/deltas.htm). 
 
 
   
 
 
        (A)          (B)  
 
 
Figure 3.  X-radiographs taken of box cores along continental shelf, Waiapu River, New Zealand (approximate 
length = 30 cm).  (A) August 2003 core showing hypopycnal flow deposition, given by homogenous texture and 
bioturbation evidence (slow burial).  (B) May 2004 core showing distinct laminations of sediment accumulation 
layers, indicative of variable grain size deposition.    
 12
modes.  Lead is found in ocean waters and readily sorbs onto particles in the water 
column, thus prolonged water contact of sediment would produce greater activity.   
Therefore, the amount of lead activity decreases with depth in the core and 
possible relatively low spikes may be observed when rapid deposition occurs 
(Sommerfield and Nittrouer, 1999).  It can be extrapolated then that such fast burial 
would be associated with dense, hyperpycnal flows containing high sediment 
concentrations occurring just above the margin floor where it takes a relatively short time 
for particles to settle.  We would also expect fast, continuous burial of sediment to be 
associated with surface erosion from the Waipaoa’s catchment, namely due to the 
increase in hill-slope and land erodibility caused by deforestation and land-use changes 
(i.e. European colonization).   Another characteristic that can be analyzed is the amount 
of carbon and in particular the appropriate type.  Carbon is present in various ratios in 
marine and terrestrial environments relative to nitrogen and typical findings show that 
higher C/N ratios are indicative of land-based carbon from plants and other fauna as 
opposed to marine plants and organisms (Leithold  and Blair, 2001).  In addition, carbon 
also occurs in various isotopes, 12C and 13C, which differ by mass (number of neutrons).  
Through analyses relating the ratio of such isotopes, a δ 13C value is produced.  More 
positive values of δ 13C can be construed as heavier deposits of carbon, characteristic of 
marine sources, while smaller, more negative measurements are associated with 
terrigenous carbon (McKee et al, 2004). 
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Methods 
Nearly two hundred box, kasten and vibracores were taken aboard the R/V Kilo 
Moana by VIMS researchers in January of 2005 off the coast of the Waipaoa’s mouth as 
part of an ongoing study examining active margin rivers of New Zealand.  With so many 
cores available for investigation, the sample set was reduced to four study sites 
(containing combinations of the aforementioned core types) for core quality reasons and 
to allow for more in-depth analysis (Figure 4).  Three of the four sites chosen were 
selected due to previous research suggesting their locations coincided with 
“sedimentation depocenters”.  The fourth site is located just seaward of the Waipaoa’s 
mouth, for comparison. 
Grain size distribution was investigated on the selected cores at each of the four 
study sites.  Vibracores V19, V8, and V15 were examined for the northeast (Site 1), 
southwest (Site 3), and mouth (Site 4) depocenters respectively, while kasten core K32 
represented the outer shelf depocenter (Site 2).  Vibracores were chosen over kasten cores 
due to length (longer sedimentary record) however a kasten core was used at Site 2 
because no vibracore was taken.  The cores varied in length from ~230 to ~320 cm, with 
seven samples taken at equal intervals throughout each core (approximately every 40-50 
cm).  Grain size was determined through pipette analysis, a procedure involving the 
separation of sediment into sand and silt/clay sized particles through sieving and further 
separation of suspended silt and clay fractions through auto-pipette at particular time 
intervals given water temperature. Sand, silt, and clay weights were then adjusted to 
relative percentages of the sample as a whole, reflecting the grain size distribution.  
Additionally, evaluations of δ 13C values, C/N ratios, and 210Pb activity were made at  
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Figure 4.  Sample site locations (green triangles) shown.  Core identification and type also illustrated (“B” = box 
core, “K” = kasten core, “V” = vibracores).  Modified from Tara Kniskern, VIMS, 2005. 
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each of the core sites.  The δ 13C and C/N ratio sampling interval for the first one hundred 
centimeters of each core (measured from the surface) was approximately every ten 
centimeters while the interval increased to every twenty centimeters beyond that depth.  
Other samples were also chosen for chemical analyses due to distinctive qualities noted 
in core description sheets, i.e. dark organic/tephra layer, etc.  In total, ninety-three 
samples were chosen for analysis.  The specimens were prepared in a multi-step process 
in a sedimentology laboratory at the Virginia Institute of Marine Science which included 
1) dehydration of each sample, 2) refining of dried samples using a mortar and pestle, 3) 
acidification (using 10% HCl) to remove carbonate and 4) placement of 18-22 mg of each 
remaining sediment sample in individual tin “boats”.  These small packages of sediment 
were then sent off for organic carbon and nitrogen analysis at the University of California 
Davis Stable Isotope Facility.  Mass spectrometry was used here to quantify the relative 
amounts of 12C and 13C and the δ 13C values were reported using the following equation: 
10001)/(
)/(
1213
1213
13 ×








−=
PDB
sample
CC
CC
Cδ  
The PDB mass ratio is an international standard of carbon from belemnite of the Pee Dee 
Formation in South Carolina.  Ratios of C/N were determined through a combustion 
process of the sediment samples resulting in a mass comparison of the two elements.  In 
addition, values of 210Pb activity were acquired from the lab work of VIMS graduate 
students in order to calculate sedimentation rates for the site locations within the study 
area.  Lastly, 2-D seismic reflection data retrieved from a Chirp sub-bottom profiler as 
well as 3-D bathymetry was utilized in assessing the geologic location and environment 
of the chosen sites.  The geo-referenced data was plotted using Fledermaus’ IView 3D, a 
three-dimensional data visualization program.         
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Results 
Grain Size 
 Grain size distributions from the selected sites are displayed in Figure 5.  Among 
all four sites, we see that overall sand percentages increase with depth and silt 
measurements typically complement the fluctuations in sand ratios.  Aside from Site 3, 
relatively little variation is seen in clay percentages throughout each core.     
Statistical analysis also shows that Sites 1 and 3 (northeast and southwest) showed 
similar mean sand percentages at 7.35% and 13.68%, while Sites 2 and 4 (outer shelf and 
mouth) displayed significantly higher measurements at 40.76% and 47.37% respectively 
(Table 1).  Such similarities among pairs were also prevalent among silt percentages, 
where the northeast and southwest sites experienced 52.90% and 55.44%, while lower 
values were found for the outer shelf and mouth at 41.22% and 33.83% respectively.  As 
for clay distribution, Site 1 and Site 3 showed percentages of 39.75% and 30.88% while 
Site 2 and Site 4 were much lower at 18.03% and 18.80%.  Among the four locations, it 
also shown that on average, Site 2 and Site 3 illustrate greater variance and range relative 
to Site 1 and Site 4 for all grain sizes.                
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Figure 5.  Grain-size analysis results of four cores which included seven measurements taken at equal intervals 
throughout entire length of each core.  Sand percentage depicted by solid line, silt percentage represented by 
dotted, and clay percentage shown as dashed.   
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    Sand     
  Site 1 Site 2 Site 3 Site 4 
Mean 7.35 40.76 13.68 47.37 
Standard Error 1.24 4.84 5.84 1.77 
Standard Deviation 3.28 12.80 15.45 4.69 
Range 9.02 39.80 40.61 14.63 
Minimum 1.56 20.24 0.51 41.21 
Maximum 10.58 60.04 41.12 55.83 
       
    Silt     
  Site 1 Site 2 Site 3 Site 4 
Mean 52.90 41.22 55.44 33.83 
Standard Error 1.13 3.97 3.93 1.77 
Standard Deviation 2.99 10.50 10.39 4.69 
Range 8.29 29.25 26.65 14.38 
Minimum 49.14 29.34 38.32 28.89 
Maximum 57.43 58.58 64.98 43.27 
       
    Clay     
  Site 1 Site 2 Site 3 Site 4 
Mean 39.75 18.03 30.88 18.80 
Standard Error 1.31 1.50 3.25 1.05 
Standard Deviation 3.46 3.96 8.60 2.79 
Range 8.57 11.34 20.04 6.83 
Minimum 35.64 10.62 20.56 15.28 
Maximum 44.21 21.96 40.60 22.11 
 
Table 1.  Statistical analysis of grain size distribution among site locations showing mean, standard error, 
standard deviation, range, maximum, and minimum.  Sample population was seven for each site.  
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Organic Carbon Analysis 
 
 Results from the organic carbon analysis of the samples (δ 13C and C/N ratios) are 
displayed in Figure 6.  It should be noted that the results from Site 3 were omitted from 
this study due to experimental error where it was found that not all of the marine carbon 
(carbonate) was acidified, leading to very low negative δ 13C values.  Also, for illustrative 
purposes C/N ratios are displayed here as their inverse (N/C) and the fields “marine 
plankton”, “soil organic matter”, and “vascular plants” are also shown in the graph, 
denoting conventional ranges for these types of carbon.  (Leithold and Hope, 1999).  The 
graph shows that the results from each core are arranged in clusters at different δ 13C and 
N/C values.  Specimens from Site 2 show an average δ 13C measurement of -23.34 ‰ 
with a very low standard deviation of 0.32 ‰.  This value suggests the organic carbon 
content of the sediment is roughly half marine and half terrestrial in origin.  The mean 
N/C ratio for Site 2 was found to be 0.10 (standard deviation = 0.01), putting it right at 
the threshold of ranges for marine plankton and soil organic matter.  Site 1 showed more 
terrestrial organic carbon with an average δ 13C value of -25.01 ‰ and a slightly higher 
N/C ratio at 0.12, with standard deviations of 0.30 ‰ and 0.02, respectively.  Finally, we 
see that Site 4 displays the most soil organic matter of the three sites, with a very negative 
mean δ 13C value of -25.55 ‰ and this statistic increases to -25.67 ‰ when the -23.16 ‰ 
anomaly is omitted.  N/C ratios average 0.10 for Site 4, identical to that of Site 2. 
 Values of δ 13C were also plotted relative to depth in each of the cores, showing 
interesting results (Figure 7).  Here we can truly see the δ 13C differentiation among 
cores, distinctively separating Site 2, Site 4, and Site 1 in order of increasing δ 13C 
negativity.  Site 2 (outer shelf) shows surface readings around -23.5 ‰ falling to almost 
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Figure 6.  Ratio of N to C versus δ 13C of organic matter found in Waipaoa River sediments at various 
locations.  Site 1 (circles) and Site 4 (squares) show greater proportions of soil organic matter and high 
negative δ 13C values while Site 2 (triangles) displays mixed carbon sources shown by less negative δ 13C 
values.  N/C ratios are generally lower for Site 2 and Site 4 relative to Site 1.  Large hollow circle, triangle, 
and square depict core averages for each respective site.   
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Figure 7.  Depth versus δ 13C of organic matter in Waipaoa River sediments at various locations.  
Differentiation among δ 13C values across cores is shown, with Site 2 displaying the least negative values 
(more marine) as compared to the higher negative (more terrigenous) readings seen at Site 1 and Site 4.  
Results also show general increasing negativity with depth throughout all three cores.  
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24 ‰ by 230 cm.  The northeast core (Site 1) exhibits initial amounts around -25 ‰ 
decreasing to nearly -25.5 ‰ towards the bottom of the core, at 240 cm.  While more 
sporadic than Site 1 and Site 2, the core taken at the mouth of the Waipaoa (Site 4) 
displays surface values of δ 13C slightly greater than -25 ‰, fluctuating throughout depth 
to nearly -27 ‰ at 230 cm.   
Viewing each site separately, some trends (and lack thereof) exist throughout the 
cores (Figure 8).  Site 1 displays a slight positive trend of δ 13C values throughout the 
first 90 cm of the core whereas older sediment in the lower half shows little evidence of 
inclining one way or another.  Site 2 also illustrates a similar positive tendency early on, 
ranging from nearly -24 ‰ at the surface to values just greater than -23 ‰ by 130 cm.  
Site 4 shows a general increase in negativity with increasing depth however the opposite 
is true for the initial 35 cm. 
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Figure 8.  Depth versus δ 13C of organic 
matter in Waipaoa River sediments.  
Increasingly positive trends of δ 13C with 
increasing depth occur throughout the 
upper halves of Site 1 and Site 2 cores, 
however no significant trend is exhibited in 
lower half of Site 1. Site 4 also shows an 
increasingly positive trend of δ 13C with  
depth however only for the first 35 cm.      
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210Pb Dating and Sedimentation 
 Results of 210Pb analysis with respect to depth are shown in Figure 9 where 
activity is plotted on a logarithmic axis.  The graphs of Site 1 and Site 3 show logarithmic 
trends down core, indicating constant radioactive decay of lead.  This function is not seen 
in Sites 2 and 4, where the activities observed experience little change.  From these plots 
of total activity we then calculate excess activity of the samples by defining the 
background activity and subtract this value from the total activity.  The background 
activity is found by computing the average of total activity when it remains relatively 
constant with depth.  For Site 1, background activity was found to average 0.72 dpm/g, 
beginning approximately 61 cm down core.  Site 3’s average background activity was 
calculated to be 0.61 dpm/g, starting at 33 cm below the surface.  These values were 
subtracted from Site 1 and Site 3’s respective total activity measurements and then the 
natural log of these differences were computed.  Figure 10 shows the excess activity 
results versus depth, along with best-fit functions showing the relationship between the 
two variables.  These functions were used to determine accumulation rates by the 
following process:  A value of 210Pb activity was chosen and entered into the respective 
equation to yield a depth.  A second value (half that of the first activity) was entered into 
the same equation to yield a second depth.  The reason for such values is due to the half-
life of 210Pb, where excess activity is reduced to half after 22.3 years.  The difference in 
the two depths is then divided by 22.3 years to give an accumulation rate.  This method 
resulted in accumulation rates for Site 1 equaling 0.41 cm/y and Site 3 resulting in 0.26 
cm/y. 
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Figure 9.  Depth versus 210Pb activity at the various site locations.  Data plotted on log-linear axes due to 
logarithmic decay of lead, resulting in linear, downward sloping trends at top of core. 
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Figure 10.  Depth versus excess 210Pb activity plotted on semi-log axis for Sites 1 and 3.  Linear trend on 
semi-log axis indicates normal radioactive decay down core.  Slopes of trend lines were used to calculate 
accumulation rates. 
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Sub-Bottom Profiles & Bathymetry 
 In addition to chemical analyses at the site locations, data from high-resolution 
sub-bottom profiles as well as bathymetric measurements were also examined.  Using 
Fledermaus’ IView 3D viewing software, snapshots of three-dimensional views of the 
North Island’s continental shelf along with site locations are displayed from an aerial 
perspective, depicting bathymetry (Figure 11a) and geo-referenced Chirp profile transects 
which bisect site locations (Figure 11b).  The light pink to pink areas depict water depths 
ranging from 0 to nearly 100 meters which includes sites 1, 3 and 4 while Site 2 lies in 
the dark pink to red areas where depths range from 100 to 300 meters.  Figure 11b is 
simply a close up image of Figure 11a minus the bathymetry, showing the extent of Chirp 
transects.  Another three-dimensional image seen from an offshore angle was also taken, 
showing how quickly the seafloor increases with depth just past the outer shelf (Figure 
12a).  Figure 12b is a similar view showing only the seismic profiles along the site 
locations.  All of the aforementioned images were selected so as to form a general 
reference for site location and will now be illustrated in finer detail. 
 The most northeastern core, Site 1, displays an interesting sub-bottom profile 
(Figure 13).  At this site, the seafloor lies approximately 72 meters below sea level and 
the extent of post-Holocene transgression sediments is approximately 30 meters below 
this level.  This muddy site also shows signs of pockets of gas, illustrated by the 
amorphous, darker-colored regions appearing several tens of meters below the bottom.  
Moving on to the outer shelf, Site 2 depicts a different depositional setting (Figure 14).  
The seismic profile here shows that the core is located at approximately 175 meters 
below sea level in a localized subsiding area.  Holocene sediments are approximately 30  
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Figure 11.  Fledermaus’ IView 3D images of bathymetric data (a) as well as Chirp sub-bottom profile 
transects (b) as seen from an aerial perspective.  Site locations depicted by green triangles and numbered 
accordingly. 
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Figure 12.  Fledermaus’ IView 3D images of bathymetric data (a) and Chirp sub-bottom profile transects 
(b) as seen from an across-shelf perspective.  Site locations depicted by green triangles and numbered 
accordingly.     
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Figure 13.  High resolution sub-bottom profile of northeast core (Site 1).  Red arrow denotes location of 
core and red dashed line signifies beginning of Holocene transgression.  Green dashed line encloses gas 
pockets in sediment.  Depth and lengths are in meters (Vertical Exaggeration = 5.0). 
 
 
 
Figure 14.  High resolution sub-bottom profile of outer shelf core (Site 2).  Red arrow denotes location of 
core and red dashed line signifies beginning of Holocene transgression.  Solid blue line indicates potential 
channel fault causing subsiding anomaly.  Depth and lengths are in meters (Vertical Exaggeration = 5.0). 
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meters at the thickest part around Site 2, however the layer pinches out and nearly 
disappears 800 meters to the right (northeast) of the core.  Another interesting feature at 
this location is the nearly vertical incline moving about 200 meters left (southwest) of the 
core.  The high resolution Chirp profile of Site 3 in the southwestern area of the 
continental shelf reveals that the core is in an area of relatively lower sedimentation than 
the previous sites (Figure 15).  Beginning at 63 meters below the water surface, the 
Holocene sediment layer extends only 15 to 20 meters down core as illustrated in the 
seismic data.  Also of note is the increasing thickness of the layer to the right (northwest) 
of the core as well as evidence of gas similar to that of Site 1.  Perhaps the most texturally 
diverse of the four locations, Site 4 at the mouth of the Waipaoa displays strong 
indication of a sandier bottom relative to the other cores (Figure 16).  This can be 
suggested by the repetition and reflection of layers which occurs with coarser grained 
material, denoted by the dashed purple lines in the profile.  Being close to the mouth, the 
core here begins at 42 meters, a much shallower depth compared to the other sites.  Post-
glaciation sediment is approximately 20 meters in thickness at this location and it appears 
as though the layer follows a dome-like shape.       
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Figure 15.  High resolution sub-bottom profile of southwest core (Site 3).  Red arrow denotes location of 
core and red dashed line signifies beginning of Holocene transgression.  Green dashed line encloses gas 
pocket in sediment.  Depth and lengths are in meters (Vertical Exaggeration = 5.0). 
 
 
 
 
Figure 16.  High resolution sub-bottom profile of river mouth core (Site 4).  Red arrow denotes location of 
core and red dashed line signifies beginning of Holocene transgression.  Purple dashed lines show 
reflection and repetition of sediments above caused by high sand content of this mouth bar deposit.  Depth 
and lengths are in meters (Vertical Exaggeration = 5.0). 
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Discussion 
 
 Based on the results of this research study, several important characteristics of the 
Waipaoa continental shelf can be discussed.  Referring to grain size distributions, it can 
be stated that sediments at the mouth were found to be most sandy of all the locations, 
with a mean average of 47.37% sand size particles throughout the core.  This follows 
convention in that the heavier, coarser grains are harder to entrain and fall out of transport 
soon after escaping the seaward flow of the Waipaoa.  Additionally, the standard 
deviation down core at the mouth was only 4.69% for sand and silt, and only 2.79% for 
clay particulates.  Such constant grain size distributions can be explained by the physical 
processes acting on sediments at this location.  Wave action is amplified as water depth 
decreases and so this high-energy state acts to rework the deposition of sediment and 
leave a relatively homogenous stratigraphic record.  Grain size in the northeast 
depocenter (Site 1) was also relatively invariable with depth however coarse-grained 
sediment only accounted for an average of 7.35% of deposited particles.  The more 
muddy (silt and clay) sediment found here is justified by increased distance from the 
mouth of the Waipaoa. Finer grains have greater surface area relative to volume, and 
relatively low settling velocities throughout the water column, allowing for further 
transport relative to sand grains.  The generally constant grain size distribution seen down 
core may be attributed to physical processes as in Site 4 at the mouth however 
bioturbation may or may not be a factor here.  On one hand, benthic organisms typically 
prefer finer material yet the observed accumulation rate seen at Site 1 was 0.41 cm/y, a 
relatively high rate as compared to the 0.26 cm/y found in the southwest continental shelf 
(Site 3).  With high rates of sedimentation it can be construed that bottom dwelling 
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organisms would continually be buried as material settles down on them, negating the 
mixing process of bioturbation. 
 The outer shelf (Site 2) and southwest (Site 3) core locations display much more 
diverse results than the previous two sites.  The generally fining upward trend observed 
in both cores suggests erosional changes in the Waipaoa’s catchment.  Deforestation and 
increased pastureland as a result of European colonization has been linked to land sliding 
and gully erosion throughout New Zealand and the underlying lithology of clay-rich 
rocks may have begun to erode, adding a larger proportion of finer grained material to 
fluvial sediments dispersed to the continental shelf.  Observing each site at a closer scale 
we see that the outer shelf displays an increase in clay percent of roughly 20% in the 
most recent 50 cm of deposited sediment, which adheres to the fining upward theory.  
However, the southwest core location shows no real change in clay percent and actually 
an increase in sand by approximately 15% in the last 40 cm of surface sediment.  Using 
the calculated accumulation rate of 0.26 cm/y by 210Pb analysis for this location, the 
approximate time span of these 40 cm is 154 years.  This would suggest that sandier 
sediments have been being deposited since mid 19th century European colonization which 
counters the previous hypothesis.  It should be noted though that only seven samples 
were chosen for grain size analysis at each site and so each piece of data may not be 
representative of the whole.  A closer sampling interval would need to be conducted to 
discern if the coarsening upwards at this site is generally true or merely an anomaly 
induced by a rare flooding event or other such extreme cause for grain distribution 
change.  
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 Moving on to δ 13C analysis, explanations can be made concerning the results of 
the organic carbon chemistry.  First, an assuring observation that was seen was the 
increasing negativity of δ 13C values with proximity to the Waipaoa’s mouth.  Site 2 on 
the outer shelf was the furthest away and displayed an average value of -23.34 ‰, 
suggesting mixed marine and terrestrial carbon signatures.  We might expect the further 
the transport the longer the residence time of sediment in the water column.  By this 
logic, sediments would experience more marine plankton (producing marine carbon) on 
their transport towards deposition leaving behind a more marine δ 13C value.  Closer to 
shore, the mean δ 13C for Site 1 in the northeast dropped to -25.01 ‰, just within the 
range typically observed for soil organic matter according to Figure 6.  Finally, Site 4 at 
the Waipaoa’s mouth showed the most terrestrial organic carbon signature (-25.55 ‰) 
which makes sense considering most material is readily deposited at this location and 
bears a terrigenous origin.  These such findings regarding the spatial distribution of 
organic carbon are typical of most rivers and clearly show that indications of more 
terrestrial carbon will be observed with closer location to the sediment source, i.e. the 
mouth.   
 As for temporal distributions concerning δ 13C, results generally showed slightly 
more negative values in the upper reaches of the sediment record (Figure 17).  Since an 
accumulation rate was only found for Site 1 (0.41 cm/y) due to Site 2 and 4’s lack of 
normal radioactive decay of 210Pb, accumulation rates of neighboring kasten core sites of 
2 and 4 (cores K52 and K26, respectively) were used instead in order to estimate an 
approximate depth at which European colonization began.  A rate of 0.55 cm/y was found  
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Figure 17.  Depth versus δ 13C of organic matter in Waipaoa River sediments at various locations in upper 
60 cm of core.  Inferred trend lines are shown indicating possible increasing negative values for δ 13C in the 
last century, possibly an effect of deforestation.   
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for K52 and a rate of 0.23 cm/y was calculated for K26 and used for Site 2 and Site 4.  
Assuming the effects of colonization were first present 150 years ago, we find that this 
date appears at a 62 cm depth at Site 1, at 83 cm at Site 2, and at 35 cm at Site 4.  
Referring to Figure 8, we see that for Site 1 at 60 cm, δ 13C is approximately -24.51 ‰ 
decreasing to -25.10 ‰ by present-day (0 cm).  At Site 2, δ 13C is roughly -23.033 ‰ at 
78 cm and decreases to -23.27 ‰ at the surface.  As for Site 4, the value at 35 cm is -
26.44 ‰ and in fact increases to -25.17 ‰ by 0 cm, however if attention is paid to the 
first three top-most samples, a increasing negativity is shown with decreasing depth.  
Trend lines were implemented on such data however such analysis showed extremely low 
R2 values and thus were not included in this study.  Regardless, even though strong, 
predictable trending lines for increasingly negative (more terrigenous) δ 13C values were 
not found following the arrival of the Europeans, we still see more negative values 
moving stratigraphically up in the last 150 years of sedimentation, generally speaking.  
This favors the notion that terrestrial human interaction (deforestation, in this case) can 
be at least faintly recognized in the marine sedimentary record.   In essence, it can be 
construed that the continental shelf off the Waipaoa River’s mouth shows variability 
temporally and spatially and that more detailed analysis would need to be undertaken for 
more concrete evidence concerning an overall trend across a longer timescale. 
 While not the main area of focus of this research study, interesting results were 
found concerning the seismic profiles bisecting site locations which raised possibilities 
regarding the depositional environment of Waipaoa continental shelf sediments.  Of most 
significance was the outer shelf core, Site 2.  As shown in Figure 14, there appears to be a 
small fault of some sort causing localized subsidence in the area.  A bathymetric view of 
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the site shows that it right on the fringe of a series of shelf slope canyons and very steeply 
declining bathymetry (Figure 18).  Thus, the fault could be the bank of ancient canyon 
channel which has recently collapsed.  This can be discerned from an ordinary depocenter 
or infilling basin due to the fact that the thickness in sediment just to the left (northwest) 
of the fault is relatively constant, as if it had just recently dropped or subsided.  An older 
basin would show more bowl type features.  Going back to the 210Pb analysis, we may 
recall that accumulation rates could not be computed due to non-logarithmic decay of 
lead, essentially because it always had a high and constant total activity value.  An 
explanation for this may be the fact that this active faulting has caused a surficial 
fluidized mud layer to begin flowing just at the top of deposited sediments in this 
location.  210Pb from higher elevations on the continental shelf gets passed through this 
area, so it the varying sources of sediment cause discrepancies in the radioactive decay 
record.  Wave action reworking sediments may also augment the decay profile of 210Pb, 
as younger and older sediments are mixed together resulting in non-uniform decay trend 
at the mouth site.  
 Another valuable piece of knowledge gained from studying the high resolution 
profiles was the fact that Site 3 was shown on the upper slope of the supposed southwest 
depocenter for which it was trying to be positioned in (Figure 15).  The fact that the core 
is not in the middle of the trough may suggest it is not experiencing the full brunt of the 
high accumulation rates expected based on previous research. 
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Figure 18.  Fledermaus IView 3D image showing bathymetry and top of Chirp sub-bottom profile of Site 2 
(outer shelf) denoted by green triangle.  Red arrow indicates potential channel leading to steep incline off 
outer slope.   
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Conclusions 
 The results of this research study show that continental shelf sediments derived 
from the Waipaoa River in New Zealand show extraordinary diversity temporally and 
spatially in a variety of aspects.  Grain size distributions show higher sand percentages 
closer to the mouth as well as increasingly higher fine particulate percentages upward 
throughout cores.  Organic carbon analysis in the form of δ 13C showed that terrestrial 
carbon resides close to the source of sediment as more marine carbon is found with 
further distance away.  While no clear trend line could be produced showing the increase 
in terrigenous carbon in the last 100-150 years marking the beginning of European 
colonization, it was construed that generally speaking values have increased in negativity 
at all four sites relative to pre-colonization.  This suggests that anthropogenic effects on 
land can be recognized at the bottom of the ocean and that more terrigenous carbon 
relative to pre-colonization may become buried as a result, having lasting effects on the 
Earth.       
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Appendix A: Core Type & Location 
 
Box Lat Long  Kasten Lat Long  Vibra Lat Long 
B1 -38.752225 178.04255  K1 -38.79195 178.21183  V1 -38.752083 178.04248 
B2 -38.762117 178.08453  K2 -38.785425 178.18402  V2 -38.824833 178.00562 
B3 -38.769767 178.1176  K6 -38.642017 178.35663  V3 -38.861733 178.04853 
B4 -38.785417 178.18398  K7 -38.649083 178.26182  V4 -38.907117 178.07477 
B5 -38.79195 178.2118  K8 -38.653183 178.20863  V5 -38.88185 178.01335 
B6 -38.735167 178.09898  K9 -38.6957 178.14898  V6 -38.906533 177.9431 
B7 -38.695967 178.14845  K10 -38.7353 178.09958  V7 -38.9392 177.98843 
B8 -38.653517 178.2083  K11 -38.617683 178.3503  V8 -38.9999 178.02495 
B9 -38.649883 178.26147  K12 -38.703517 178.28375  V9 -38.01915 178.04257 
B10 -38.64205 178.35563  K13 -38.7026 178.25927  V10 -39.064717 177.98647 
B11 -38.618133 178.3501  K14 -38.70195 178.2056  V11 -38.8017 178.16907 
B12 -38.673967 178.29272  K15 -38.743433 178.212  V12 -38.781167 178.16857 
B13 -38.703067 178.284  K16 -38.766017 178.21145  V13 -38.77535 178.14245 
B14 -38.7026 178.25957  K17 -38.761883 178.19038  V14 -38.832467 178.07575 
B15 -38.701833 178.20588  K18 -38.7479 178.15537  V15 -38.777633 178.04628 
B16 -38.743783 178.212  K19 -38.82355 178.29985  V16 -38.70385 178.3629 
B17 -38.766367 178.21155  K20 -38.823667 178.25412  V17 -38.719317 178.26983 
B18 -38.7623 178.1905  K21 -38.815517 178.2384  V18 -38.683117 178.28972 
B19 -38.74815 178.15545  K22 -38.823967 178.18425  V19 -38.6838 178.19107 
B20 -38.765117 178.03138  K23 -38.82425 178.11912  V20 -38.6883 178.1448 
B21 -38.77835 178.00818  K24 -38.7872 178.08315  V21 -38.752217 178.04282 
B22 -38.824467 178.00602  K25 -38.824467 178.07237  V22 -38.825083 178.00562 
B23 -38.824733 178.04155  K26 -38.824917 178.04212  V23 -38.958233 178.0549 
B24 -38.824817 178.07292  K27 -38.8244 178.00545  V24 -38.023983 178.04695 
B25 -38.787233 178.08313  K28 -38.77835 178.00865     
B26 -38.82435 178.11897  K29 -38.765383 178.03193     
B27 -38.823967 178.18422  K30  -38.81085 178.22858     
B28 -38.81545 178.23847  K31 -38.845017 178.27498     
B29 -38.8237 178.25407  K32 -38.880667 178.23267     
B30 -38.82355 178.29985  K33 -38.8693 178.17705     
B31 -38.90495 178.09143  K34 -38.84855 178.09352     
B32 -38.898 178.03652  K35 -38.861733 178.04867     
B33 -38.879017 178.0127  K36 -38.879017 178.01265     
B34 -38.8617 178.04845  K37 -38.89805 178.03637     
B35 -38.848533 178.09362  K38 -38.904933 178.0914     
B36 -38.86795 178.1234  K39 -38.991317 178.06837     
B37 -38.841933 178.13343  K40 -39.0162 178.03935     
B38 -38.8499 178.15578  K41 -38.9915 178.01863     
B39 -38.8833 178.15018  K42 -38.991633 177.99953     
B40 -38.869267 178.17702  K43 -38.9915 177.94955     
B41 -38.8807 178.23273  K44 -38.932833 177.93543     
B42 -38.845083 178.27517  K45 -38.925883 178.00423     
B43 -38.810833 178.22857  K46 -38.93825 178.01082     
B44 -38.906567 177.94315  K47 -38.906933 178.01433     
B45 -38.829483 177.95077  K48 -38.882033 178.01345     
B46 -38.906733 178.01087  K49 -38.9068 178.01115     
B47 -38.8818 178.0131  K50 -38.829517 177.95065     
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B48 -38.906783 178.01412  K51 -38.9065 177.94288     
B49 -38.90705 178.07445  K52 -38.907583 178.20002     
B50 -38.907367 178.14238  K53 -38.986117 178.16668     
B51 -38.938 178.01048  K54 -39.064983 178.16663     
B52 -38.925533 178.00398  K55 -39.057733 178.0768     
B53 -38.9325 177.93497  K56 -39.0754 178.05097     
B54A -38.907967 177.9492  K57 -39.008833 178.04817     
B54B -38.991433 177.94952  K58 -39.001433 178.02633     
B55 -38.9914 177.99915  K59 -38.95275 177.98333     
B56 -38.991383 178.01828  K60 -38.9341 177.9666     
B57 -39.016817 178.03918  K61 -39.12035 178.0636     
B58 -38.991317 178.06837  K62 -39.092283 178.10825     
B59 -38.871183 177.9746  K63 -39.035917 178.16812     
B60 -38.857667 178.03178  K64 -38.9562 178.05268     
B61 -38.87625 178.04913  K65 -38.93345 178.03262     
B62 -38.933967 177.96652  K66 -38.8763 178.0489     
B63 -38.952633 177.98327  K67 -38.871183 177.97463     
B64 -39.041333 177.9369  K68 -38.85765 178.03183     
B65 -39.037667 177.98982  K69 -38.83245 178.0756     
B66 -39.001283 178.0262  K70 -38.777617 178.04607     
B67 -39.0089 178.04853  K71 -38.822783 178.09312     
B68 -39.05145 178.00228  K72 -38.800267 178.09693     
B69 -39.074133 177.9824  K73 -38.77525 178.1422     
B70 -39.084767 178.03228  K74 -38.78165 178.16742     
B71 -39.0754 178.05098  K75 -38.80165 178.16903     
B72 -39.057717 178.07678  K76 -38.8403 178.21103     
B73 -39.064967 178.1665  K77 -38.688317 178.14468     
B74 -38.986383 178.1173  K78 -38.6631 178.19017     
B75 -38.986167 178.1665  K79 -38.683817 178.191     
B76 -38.907617 178.20005  K80 -38.683933 178.24985     
B77 -38.72055 178.1396  K81 -38.683117 178.2897     
B78 -38.720083 178.19062  K82 -38.719567 178.23913     
B79 -38.736867 178.19047  K83 -38.702617 178.23032     
B80 -38.7196 178.23907  K84 -38.720033 178.19088     
B81 -38.7193 178.26987  K85 -38.73685 178.19045     
B82 -38.7421 178.38447  K86 -38.729433 178.16197     
B83 -38.683183 178.2896  K87 -38.720433 178.14013     
B84 -38.683917 178.24987  K88 -38.8802 178.1005     
B85 -38.683817 178.19107  K89 -38.866967 178.07192     
B86 -38.663117 178.19017  K90 -38.795417 178.1248     
B87 -38.688333 178.1447  K91 -38.797767 177.98325     
    K92 -38.954033 178.01882     
    K93 -38.977067 178.03917     
    K94 
-
38.991333 178.05383     
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Appendix B: Grain Size Results 
 
Location Sample ID total % % % TOTAL 
  Name wt sand silt clay  
   (g)     
        
1 K32 0-2 KW 1 4.9654 6.654 49.14 44.206 100 
1 K32 39-40 KW 2 5.4248 4.7891 51.43 43.78 100 
1 K32 78-80 KW 3 5.9045 10.577 49.538 39.885 100 
1 K32 122-124 KW 4 5.8158 1.5613 57.43 41.009 100 
1 K32 162-164 KW 5 5.8528 8.0782 54.589 37.333 100 
1 K32 192-194 KW 6 5.9087 9.7094 53.904 36.387 100 
1 K32 228-230 KW 7 5.9909 10.114 54.249 35.637 100 
2 V8 0-1 KW 8 6.9899 20.242 58.585 21.173 100 
2 V8 50-51 KW 9 6.945 38.301 39.741 21.958 100 
2 V8 100-101 KW 10 6.6788 35.842 47.763 16.395 100 
2 V8 150-151 KW 11 6.5099 46.005 37.865 16.129 100 
2 V8 200-201 KW 12 6.4082 34.459 45.879 19.662 100 
2 V8 265-266 KW 13 5.9306 60.038 29.339 10.623 100 
2 V8 316-317 KW 14 6.8155 50.407 29.345 20.248 100 
3 V15 0-1 KW 15 7.1919 12.749 64.726 22.525 100 
3 V15 40-41 KW 16 6.8253 1.3963 64.979 33.625 100 
3 V15 80-81 KW 17 6.0223 11.247 48.154 40.599 100 
3 V15 120-121 KW 18 6.7814 1.2003 63.851 34.949 100 
3 V15 160-161 KW 19 6.6287 0.5084 58.986 40.506 100 
3 V15 200-201 KW 20 6.7305 27.569 49.031 23.401 100 
3 V15 240-241 KW 21 6.8102 41.118 38.325 20.557 100 
4 V19 0-1 KW 22 7.4072 41.206 43.269 15.525 100 
4 V19 40-41 KW 23 7.0783 47.374 30.516 22.11 100 
4 V19 80-81 KW 24 7.849 43.687 35.546 20.767 100 
4 V19 120-121 KW 25 7.528 55.832 28.892 15.276 100 
4 V19 160-161 KW 26 7.6096 50.194 32.459 17.347 100 
4 V19 200-201 KW 27 7.3038 46.809 33.955 19.237 100 
4 V19 238-239 KW 28 6.6134 46.472 32.207 21.32 100 
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Appendix C:  Organic Carbon Analysis 
 
Core 
Location Sample ID 
Sample 
Mass (mg) 
Micro g 
N 
Delta 
Air 
Micro g 
C 
Delta 
PDB Mass N/C 
1 K70 0-2 19.704 10.3 -1.14 107.0 -25.17 0.0824938 
1 K70 8-10 18.641 7.5 -2.81 65.4 -25.11 0.098688 
1 K70 20-22 21.173 5.5 -1.73 41.9 -24.92 0.1133707 
1 K70 36-38 18.426 11.3 -0.47 114.3 -25.21 0.0847072 
2 B-41 0-1 21.778 18.2 1.40 149.6 -23.27 0.1042155 
2 B-41 1-2 19.848 19.0 2.55 152.3 -23.43 0.1070605 
2 B-41 3-4 19.567 15.7 1.19 127.9 -23.64 0.1054835 
2 B-41 9-10 20.174 16.8 0.77 140.6 -23.11 0.1023317 
2 K32 0-2 21.704 17.9 1.27 147.8 -23.34 0.1039785 
2 K32 8-10 20.400 16.7 2.29 137.8 -23.21 0.1037013 
2 K32 20-22 18.907 17.8 1.96 143.3 -23.83 0.1063307 
2 K32 28-30 19.771 16.9 1.97 136.9 -23.07 0.1060242 
2 K32 44-46 21.812 14.8 1.42 124.2 -23.13 0.1022513 
2 K32 54-56 20.761 13.6 1.14 116.1 -23.30 0.1004919 
2 K32 66-68 20.242 13.4 1.97 107.9 -22.89 0.1063448 
2 K32 78-80 21.957 14.2 1.41 116.1 -23.04 0.1045488 
2 K32 90-92 20.897 13.5 0.68 110.6 -23.31 0.104762 
2 K32 102-104 18.841 12.0 1.06 101.6 -23.21 0.1008627 
2 K32 112-114 21.619 13.3 0.56 117.9 -22.98 0.0970156 
2 K32 132-134 20.805 12.8 1.84 111.5 -22.83 0.0980648 
2 K32 152-154 21.340 13.7 3.03 120.6 -23.58 0.0976132 
2 K32 172-174 18.052 10.5 0.60 97.9 -23.70 0.0915533 
2 K32 192-194 20.312 11.6 1.21 112.4 -23.80 0.0887441 
2 K32 210-212 21.855 13.7 0.64 129.7 -23.56 0.0905567 
2 K32 228-230 20.900 13.3 4.24 105.3 -23.92 0.1081672 
3 K58 0-2 20.771 10.1 3.57 108.7 -13.12 0.0796456 
3 K58 8-10 19.328 9.2 2.26 90.5 -15.76 0.0868094 
3 K58 20-22 20.535 9.7 2.67 161.8 -10.17 0.0512009 
3 K58 28-30 21.625 8.3 3.63 192.2 -6.59 0.0368902 
3 K58 36-38 21.228 8.4 1.95 149.6 -8.77 0.0479935 
3 K58 44-46 21.974 8.6 2.49 187.0 -7.75 0.0395564 
3 K58 54-56 21.214 8.3 3.89 113.1 -12.92 0.062803 
4 V15 35-36 21.401 9.2 1.28 72.8 -26.44 0.1087599 
4 V15 47-48 19.598 6.2 0.02 43.3 -23.16 0.1235692 
4 V15 50-51 21.501 12.1 2.62 100.9 -25.77 0.1027529 
4 V15 60-61 19.158 9.7 2.48 74.6 -25.42 0.1115488 
4 V15 70-71 19.047 8.6 0.81 65.6 -25.59 0.1128992 
4 V15 74-75 20.677 12.8 2.88 107.0 -25.25 0.1022027 
4 V15 80-81 18.756 9.5 3.42 74.5 -25.30 0.1098534 
4 V15 90-91 20.634 7.3 2.24 57.7 -24.78 0.1089866 
4 V15 100-101 19.053 13.5 2.27 130.5 -25.78 0.0884255 
4 V15 120-121 19.873 12.4 3.11 97.4 -25.79 0.1087053 
4 V15 140-141 19.373 11.2 1.89 125.3 -25.96 0.0766436 
4 V15 150-151 18.512 11.7 2.67 95.7 -25.57 0.1043828 
4 V15 160-161 20.698 14.3 2.41 129.6 -26.26 0.0946656 
4 V15 174-175 18.184 6.4 3.48 41.8 -25.71 0.1317039 
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4 V15 180-181 21.980 9.6 2.70 75.6 -25.59 0.1093491 
4 V15 200-201 19.952 9.9 0.91 108.7 -26.76 0.0783951 
4 V15 220-221 20.291 11.5 2.78 104.4 -26.68 0.094447 
4 V15 240-241 19.249 11.2 2.86 131.4 -25.96 0.0727629 
3 V8 40-41 20.356 8.0 3.36 133.1 -11.38 0.0517562 
3 V8 50-51 19.872 8.5 4.59 155.7 -11.66 0.0470034 
3 V8 60-61 21.406 9.6 4.31 116.6 -16.47 0.0709137 
3 V8 70-71 18.150 7.7 1.75 80.7 -18.02 0.0821309 
3 V8 80-81 19.131 8.0 1.91 134.8 -12.13 0.0510884 
3 V8 85-86 21.572 8.6 3.80 188.8 -9.73 0.0392286 
3 V8 100-101 21.335 6.3 4.14 105.3 -9.03 0.051537 
3 V8 120-121 20.175 8.0 3.47 131.4 -10.48 0.0524417 
3 V8 130-131 19.690 9.1 2.82 185.3 -10.39 0.0422888 
3 V8 140-141 21.588 8.5 3.52 170.5 -9.51 0.0429266 
3 V8 150-151 19.201 7.7 1.50 127.9 -12.34 0.0515799 
3 V8 160-161 20.903 6.4 3.39 68.1 -24.53 0.0806965 
3 V8 180-181 20.466 6.4 0.56 72.7 -25.06 0.0749992 
3 V8 190-191 18.344 6.2 0.77 77.4 -25.43 0.0688103 
3 V8 210-211 18.068 6.6 1.60 76.8 -19.52 0.0732089 
3 V8 220-221 20.474 7.7 1.94 122.7 -16.92 0.0537748 
3 V8 246-247 20.961 10.1 1.35 198.3 -19.56 0.0437011 
3 V8 256-257 18.149 6.0 1.61 58.5 -19.08 0.0882396 
3 V8 265-266 19.756 7.3 1.45 72.6 -24.07 0.0867307 
3 V8 286-287 18.269 7.5 2.48 108.7 -11.22 0.0594914 
3 V8 306-307 19.034 8.3 1.81 102.6 -11.55 0.0691991 
3 V8 316-317 19.288 11.0 3.00 137.4 -11.92 0.0682919 
1 V19 0-1 18.076 7.5 0.14 37.8 -25.10 0.1700404 
1 V19 10-11 18.322 12.6 1.41 85.7 -24.61 0.1261579 
1 V19 19-20 19.360 12.7 2.26 100.9 -25.16 0.1079757 
1 V19 20-21 18.136 11.4 0.72 82.2 -25.12 0.1184525 
1 V19 30-31 19.132 12.1 1.01 93.9 -25.05 0.1104948 
1 V19 40-41 21.528 12.8 1.87 108.7 -25.02 0.1005959 
1 V19 50-51 19.919 9.1 0.03 61.3 -25.10 0.1266017 
1 V19 60-61 20.102 9.0 1.22 63.9 -24.51 0.1207634 
1 V19 70-71 20.427 7.9 -0.54 47.8 -24.72 0.141019 
1 V19 80-81 18.416 7.9 1.33 47.7 -24.65 0.1412763 
1 V19 90-91 21.377 10.5 -0.42 76.4 -24.49 0.1179438 
1 V19 100-101 19.495 8.9 -0.30 63.1 -25.26 0.1210688 
1 V19 120-121 20.094 8.9 1.04 70.0 -25.22 0.1090371 
1 V19 140-141 20.490 8.3 0.43 63.0 -25.22 0.1123817 
1 V19 160-161 21.401 8.8 1.32 69.3 -24.79 0.1088942 
1 V19 168.5-169.5 21.303 8.2 0.19 66.3 -25.57 0.1054831 
1 V19 180-181 21.661 8.7 1.72 67.0 -25.16 0.1114317 
1 V19 200-201 19.712 8.3 1.48 68.8 -24.62 0.1034861 
1 V19 220-221 19.509 9.2 3.70 81.2 -25.26 0.0966172 
1 V19 235-236 20.346 8.9 2.44 89.6 -25.27 0.0847396 
1 V19 238-239 19.901 14.0 2.52 116.6 -25.33 0.1026714 
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Appendix D:  210Pb Total Activity 
Location Core Total Activity (dpm/g) Depth (cm) 
1 K79 4.122118592 1 
1 K79 3.689976599 5 
1 K79 2.978900313 9 
1 K79 2.499750076 13 
1 K79 2.246931789 17 
1 K79 1.467384283 25 
1 K79 1.339084715 29 
1 K79 1.191844967 33 
1 K79 1.101976734 37 
1 K79 0.964543287 41 
1 K79 0.794448137 49 
1 K79 0.680790094 61 
1 K79 0.780145502 67 
1 K79 0.720345987 73 
1 K79 0.767519008 85 
1 K79 0.742490815 97 
1 K79 0.674504495 103 
1 K79 0.674579697 113 
2 K32 6.940932131 1 
2 K32 6.198685772 5 
2 K32 6.41214063 9 
2 K32 6.314539215 17 
2 K32 6.229210146 25 
2 K32 4.972341945 33 
2 K32 1.097072126 61 
2 K32 0.959094596 79 
2 K32 0.940225172 97 
2 K32 0.765257513 123 
2 K32 0.787995858 143 
3 K58 2.95017946 1 
3 K58 2.380531179 5 
3 K58 1.852750686 9 
3 K58 1.196701312 17 
3 K58 0.745369886 25 
3 K58 0.657026772 33 
3 K58 0.49628165 49 
3 K58 0.547846747 55 
4 K70 1.559253561 1 
4 K70 1.572605488 5 
4 K70 1.16842362 9 
4 K70 1.050207282 17 
4 K70 1.06205432 25 
4 K70 1.027702061 33 
4 K70 0.774615075 45 
4 K70 0.776328166 61 
4 K70 0.719209147 79 
4 K70 0.909773944 97 
4 K70 0.712442222 121 
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Appendix E:  210Pb Excess Activity 
 
Location Core Excess Activity (dpm/g) Depth (cm) 
1 K79 3.450759348 1 
1 K79 3.012432023 5 
1 K79 2.291177965 9 
1 K79 1.805169557 13 
1 K79 1.548732634 17 
1 K79 0.758027314 25 
1 K79 0.627891369 29 
1 K79 0.47854415 33 
1 K79 0.387389616 37 
1 K79 0.247989058 41 
1 K79 0.075459302 49 
3 K58 2.424469591 1 
3 K58 1.83389167 5 
3 K58 1.286719813 9 
3 K58 0.606566305 17 
3 K58 0.138652358 25 
 
 
